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EFFECTS OF ATMOSPHERIC REFRACTION ON EARTH LOCATION
DETERMINATIONS FOR MODIS

One requirement on the MODIS experiment is that pointing
accuracy will be determined to an accuracy of a tenth of a pixel.
For the 840 meter channels, this requirement means that any pixel
must be located on t:~eEarth to within 0.084 kilometers.

If MODIS were viewing the Earthrs surface through a vacuum,
pointing accuracy would be only a function of geometry requiring
knowledge of time, the NPOP-1 state vector, and digital elevation
models. However, since the Earth has an atmosphere and the index
of refraction of the atmosphere is not one, but ranges from
1.0002982 to 1.0002726 in the 0.4 to 14.2 micron wavelength range,
the light rays in the atmosphere will be bent, causing further
uncertainty in the pointing. The atmosphere acts like a lens,
with pixels appearing further from the center of the field of view
than they actually are. The path rays can be bent as much as
0.025 degrees for a slant path of 55 degrees. Although this seems
small, in fact, a Portion of the Earth viewed at this angle will
appear to be about 4 kilometers further from nadir than it would
be if no atmosphere existed.

The atmospheric refraction effect has been calculated many
times since Bemporad first did it in 1904. The purpose of these
calculations have ge.~erallybeen to calculate the air mass through
which one transverses in viewing the sun. The mathematics of that
problem is very similar to the present problem, except that the
satellite is 705 kilometers above the Earth whereas the sun is
much further away. The radius of the Earth is 6371 kilometers so
the satellite is 7076 kilometers from the center of the Earth.
The angle of view be:ween the nadir and the pointing of the
satellite (scan angle) varies from O to 55 degrees. The effective
scan angle with an atmosphere is from O to about 54.975 degrees.
The location of any Joint observed on the Earth is 6371 kilometers
from its center. Ths length of two sides of a triangle and one
angle are known, both for the case of no atmosphere and for the
case with an atmosphere. Using the law of sines and solving the
geometry allows the difference in Earth location to be calculated
for the two cases. The refraction perturbation in arc seconds is
tabulated in Allen’s Astrophysical Quantities (p. 125 of the 1973
edition) . These perturbations are based upon earlier calculations
such as those by Nef?deva (1968) and Landolt-Bornstein (1965),
The perturbations in Allenls table are to the nearest arc second
which is satisfactory for these preliminary calculations, but for
MODIS operations, they will need to be repeated with better
accuracy.

The lensing distc~rtionby the atmosphere is dependent on
atmospheric pressure and temperature so latitudinal and seasonal
variations will occur, A simple correction formula based upon
surface pressure and temperature is also given by Allen. For a
normal sea level pressure of 1013.25 mb (760 mm Hg) , variations in
surface temperature from -10 to +30°C cause changes in apparent
position of as much as about 0.7 km. at a 55 degree viewing angle



as shown in the accompanying figure. Thus the refraction
correction will be dependent on latitude and on season. The
changes are always such as to move the apparent location further
from nadir.

Considering first the temperature dependency of the
refraction correction, the figure shows the refraction correction
in kilometers for scan angles between O and 55 degrees for 5
different atmospheres with surface temperatures between -10 and
+300C. Between about O and 20 degrees the curves in the figure go
opposite to the curvature from 20 to 55 degrees. The curvature
beyond 20 degrees is caused by the curvature of the Earth. As
MODIS scans closer to 55 degrees the surface of the Earth bends
away from the view so uncertainties in pointing become
increasingly severe. At 64.2 degrees the tangent to the Earth
would be viewed and the pointing errors would approach infinity.
In the O to 20 degree scans, the pointing errors as a function of
scan angle are changing much like it would for a flat Earth. The
boxes for the atmosphere with -lO°C (upper curve) have a vertical
length of about 0.1 km., which is close to the required pointing
accuracy. Beyond a scan angle of about 30 degrees, a 10°C change
in surface temperature causes an apparent change in location of
more than 0.1 km. Based upon Trewartha (1968) and the Handbook of
Applied Meteorology (1985), between 1% and 5% of the Earth on any
one day will deviate from its climatological mean by more than
100C. Continental in:eriors in winter have the greatest
variability in temperature. To maintain the desired pointing
accuracy, a climatological model is sufficient for calculating the
refraction correction at least 95% of the time. If a
climatological model is used for surface temperature, it must be a
function of both longitude and latitude since, at any specified
latitude, the longitudinal variations in mean surface temperature
exceed 10°C (e.g, Yearbook of Agriculture, 1941, p. 704) .

Considering secondly the pressure dependency of the
refraction correction, similar figures to one shown could be drawn
for atmospheres with different surface pressures, but they would
appear nearly the sai~e. A 13 mb (10 mm Hg) change in surface
pressure causes a change in apparent location of about 0.02 km. at
a 30 degree scan angle, but can be as much as 0.06 km. at 55
degrees. On a monthly basis, only 1% of the locations on the
Earth will have systematic departures of 13 mb or more (U. S.
Standard Atmosphere, 1976) . On a daily basis we estimate that
about 5% of the Earth will have 13 mb or more departures from
their climatological means. Normal meteorological variations in
surface pressure at sea level will probably not cause refraction
corrections of more than 0.08 km. , except in rare cases, and thus
can be neglected. Systematic variations in surface pressure
caused by topography are another issue. Systematic differences of
more than about 17 mb from the mean sea level pressure will cause
a 0.08 km. apparent location change at a 55 degree scan angle.
For a surface pressure change of about 60 mb and a 30 degree scan
angle, an 0.08 km. apparent location change will also occur.
These calculations imply that many locations above 600 meters in
elevation will require use of their actual surface pressure rather
than the sea level ef~ivalent surface pressure. This conclusion,



in turn, implies that a simple digital elevation model is probably
required as part of the refraction correction. A low spatial and
low vertical resolution digital elevation model will probably be
sufficient, but more work is required to define the nature of the
model needed. Alternatively, a low resolution map of actual
climatological mean surface pressure is probably adequate, and
could be derived from a digital elevation model and maps of sea
surface pressure,

Finally we consider the dependence of the refraction
correction on wavelength. The plot is for an effective wavelength
of 0.6 microns (i.e, the index of refraction equals 1.000292).
Since the index of refraction varies with wavelength, the
determination of correct Earth locations will also be wavelength
dependent. AS a rule of the thumb, dividing the distance
corrections in the figure by 10 will give a good approximation of
the difference in distance corrections between 0.4 microns and
14.2 microns. If one is concerned with deriving the color of the
surface, some mixing will occur due to different degrees of
refraction at different wavelengths. The effect is small and if
the true color is varying slowly over the surface of the Earth as
is most often the case, a single refraction correction for all
wavelengths is probably sufficient.

In summary, the refraction correction can be calculated to
the required accuracy for 95% of the MODIS pixels provided a 2
dimensional climatological model of surface temperature and
pressure is available. The spatial resolution, temporal coverage
(e.g, seasonal or monthly), temperature resolution, and pressure
resolution for these climatological maps can be determined by
further study.
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EVALUATION OF PRESENTLY AVAILABLE DIGITAL ELEVATION MODELS

The following
physical Data

five plots were produced from the National Geo-
Center (NGDC) 5-minute Global Topography Database.

Figure 1 illustrates the topography of the entire Earth with a 500
meter vertical resolution. The data are subsampled every 30th
point in latitude and longitude, providing an effective resolution
of 2.5°.

Figure 2 presents the East Central United States, with a base
contour of 10 meters and elevation increments of 100 meters. The
relatively flat coastal plan and tidewater areas, the Piedmont
Plateau, the rugged Appalachian Mountains, and the again relative
flat Allegheny Plateau and Ohio Valley are clearly shown.

Figure 3 shows a portion of the central ice-cap of Greenland.
Again, the contour interval is 100 meters. The surface begi]ls to
slope down to the coast to the southwest. This area is exceed-
ingly flat and featureless. The step-like appearance of the
contours suggests that full 5-minute resolution is not achieved
here, with some repetion of adjacent elevations.

Figure 4 presents an area of central USSR with a contour interval
of 100 meters. The valley of the Nizhnyaya Tunguska River extends
from northwest to southeast across the plot, with a very flat
plateau to the south and hilly terrain to the north.

Figure 5 depicts a portion of the Tibeton High Plateau with a
contour interval of 500 meters. Peaks above 6,000 meters are
seen, with up to 2,000 meters of relief.
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MODIS INPUT DATA ATTRIBUTES DOCUMENT OUTLINE

Purpose: To identify, quantify, and develop the set of attributes
for all ancillary and auxiliary input data required to generate
the proposed MODIS data products.

1.

2.

3.

4.

5.

INTRODUCTION

MODIS DATA1

2.1 Science
2.2 Enqineerinq
2.3 Calibration

PLATFORM ANCILLARY DATA

NON-MODIS EOS SCIENCE DATA

4.1

4.2

4.3

Alqorithm Development

4.1.1 NPOP-1
4.1.2 Other Eos Platforms

Routine Production

4.2.1 NPOP-1
4.2.2 Other Eos Platforms

Validation

4.3.1 NPOP-1
4.3.2 Other Eos Platforms

NON-EOS DATA

5.1 Alqorithm Development

5.2 Routine Production

5.3 Validation

lAs with an earlier deliverable on data requirements, all
data items will include a discussion of the following five key
categories:
o Description
o Path
o Requirements
o Attributes
o Impacts.



ERROR CHECKING BY CDOS

Error checking will be performed by both the DIF and DHC elements
of the CDOS. This error checking appears to be a checking of an
optional error detection code appended to the packet. It is used
to verify that the overall integrity of the packet has been main-
tained during transmission. The DHC maintains an accounting of
the error checks made for completeness of data. Error checking
will be performed at the DIF for data downlinked through the TDRS
and by the DHC for data passed through the Virtual Channel Gateway
(VCGW). The DHC will not discriminate between the packet types
for this error checking. Data will be retransmitted from
temporary data stores (2-day stores) at the DIF and the DHC
Another type of error checking is also performed by the DHC. This
type is the quality checking of the ancillary data packets. This
checking is performed by comparing a copy of the ancillary data or
a derived product produced by the DHC to an FDF-generated refe-
rence profile. This quality check is a limit check against a
specified sigma reference value. If ancillary data passes this
quality check, nothing else is done; if ancillary data is out of
tolerance, then the FDF may use CDOS-supplied information, such as
raw attitude or orbit telemetry data, to refine/repair the
ancillary data, repacketize it, and send it back to the DHC LO
processor as auxiliary data for inclusion into the ancillary data
store.

GPS \ FDF ROLE

GPS will provide for the autonomous position and velocity deter-
mination of platforms. This data will be made available to users
as part of the ancillary data packet which is quality checked by
the DHC/FDF. The role of the FDF in this process is to provide
the reference profiles against which the ancillary data is checked
and to refine and\or repair position and velocity data (and all
other ancillary data) if necessary. The FDF will not routinely
perform orbit determination unless specified for this process,
such as to provide an independent source for orbit predictions.
To repair and/or refine the position and velocity data, the FDF
will obtain utility packets containing onboard-derived measure-
ments made by the GPS or via scheduled TDRS tracking. The
measurements will be made available by CDOS interfaces with the FDF.



GPS for
Position and Attitude

(Obtained from Mr. Ron

Determination

Beard at NRL)

The second operational GPS satellite was successfully launched
last week. Other previously launched satellites were test beds.
The full constellation is expected be in place in 1992 or 1993.
There will be six satellites in each of three orbital planes, with
three to six on-orbit spares.

The general senice will provide a position accuracy of 100
meters in three dimensions. The precise service, which will not
be available at all times, will determine position to 10 meters.
These are figures for a single observation. Continuous observat-
ions may produce more accurate positions.

Mr. Beard is currently leading a research effort to develop a
GPS receiver for attitude determination. He expects to be able to
determine attitude to an accuracy of at least 1 milliradian and
0.1 milliradians may been achieved. A tilt angle of 0.1 milli-
radians corresponds to a position shift of 70 m at an altitude of
705 km.
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pi%c!s (a~uI. 2U.km ,~,1.,~,..( t),. ~ua.
:or). All ih. imagm acq. trcd o. a g,. c” day
arc binned (.v. mgcd) to pruduc. com F.o.ite
Fd- ror 14 Pmmctcm at d.ily intcmk (=
Tab]. 1), fich indi,id.zl ?-ret” wt.. thal is
conui”cd -i(hi” the daily ron, pm, t. ,s thr”
w~l.aIcd d.rin~ chc q.aht) ..rttrol ,dt. w.
n}. pri.w criI.r.,iI ir] Ibis xr=n,,,g I,.*
bee” to prur.cc rclubl! pruccs=d pigtn.nt
held,. .hich .! times ucnficcs .atcr.ka.,.g
“dunce and .rrox,l mdbncc dzu. Ah.t
8.6% or all the xc.,, %rcc”cd to da,. WC,,

figgcd at Cl,.1.i.!,,g $uch u.rcbabk d.u.
●k,,, g -,[6 ,h. rc.x,,, f,), th.i dctcrr,},,,., tor,,
a“d arc nm i“cludcd i,, th. s.~ucnt glo~l
.omrwsi t-. The) arc, however, s!dl ava,iabJc
frc,., lb. .r.hi.c a, !<..1. 1. !. a,,d 2

F4.r SIbc%.88<., Iln.t ,-* ‘1,. <,,8. !,,, ,s,0s9,,81
Ucp. m“npu’,t~ of dcr,.cd gcuph> SKAI p.
ram.1.m at dady. weekly (54>) ), mo.,hly.
X=-I a“d s“nual iimc =Ict arc pre
d.cd, i“cl.dt”g all the rclc.a.[ tompos,tin~
siatiuiu. All 11,. .r.lsivc f,m.la,os arc .,,,s cd
“,, “,. hl lku=, *lu L&rhg..lJbLqll.111 ,.18 w.,!.
analysk and distnb.~-” -r. co”ven,c.t.
The proc=i.g and quality control prNt-
dum arc I,”kcd through dau baw con, rol.
prcduci”g a cornprchc”tivc a“d cons,,,cnt
dam & for ●ll ~G holding. \la.y d.pli-
caim a“d errom have ihcreby been .Iirn,. ai.
cd. The b,, b.lx c,,,ricn alw ,,r<).. k 11!.

TOR (cod on$.641J)

8

Iso
[soTrace Laboratory

Analytical Ser\tices

F.Ac

Can your PC do thk? I

It can if youhavePLOT88...
ad wiihPLOT88,you MTI do u wble Zot more

PLOT66 is a library of more than 50 subroutines to con-
struct grids, contour maps, and mesh drawings that outputs
to printers, plotters and displays. A device. independent
graphics package, it includes PLOT, SYMBOL, AXIS and
LINE—just to name a few.

Now your mainframe graphics programs can run on your
personal computer at your convenience and at a fraction
of the cost.

Cal/ (619) 457-5090 today
for a free poster.

PLOTWOR.KS, Inc.
Department E-19

16440 Eagles Crest Road
Ramona, CA 92065

“Too/makers for the Info/mafion Age”
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Co. fin.cd Obccrv.do.i Rcq.ircd

Tbc w.,., ,cpr_”, .“. of the grc,, c,!
.nkn.w”. i“ our ..d. m!a.d,. g of the hnh
?.I . .YSL. m of c.mpk. i“,crrclatbnsh, p,, “m
only ~.x of iu size, b.! bcca.~ of,u in.
cr.dsblc var,ahd,, y,Phyopknk,on con,c”tm.
LIO. S cba”g. -r) rapidly in t,m.. and pp..
la, k,., c,” dr,ubk ,“ on< da, or 1.s In {,,.
d., tO ●.d+ tihc prmcs- thal account for
the spat~al d,lTc:.”ces in WC.. pT&.cI, v,cy
,Yidcncd h,,.. ,nd ,. explain w,, ,0 ).>,
v.riatkn,, a“d 6..11) ,. help prcdia how the
ocean r.,po”d, t. and ,mpam, x1.bal (cb-
m.rc) ch. n~c, %ie”t,su req. irc cu”tin. ed
-tclt, t. NC,” color obwrtatiuns, co. pkd
w,(h ,h, p a“d ,“ ,,,. ,“vc,,,g,, io”s.

1! t, nm ck.r ho. I.CII h. ,“t.n . . ..l
.znabibt) or we. n prod. ctit~ty u. bc s!.d.
,.d .ith the intcrm,t!. n! CZCS data, .“d tt t,
obviou, !h, r co.cr. g. u ,ns. fficic”t i“ wm.
r.~,o”s for .,.” chc simplest process st. d,.s
Tht CZCS (a,kd in J..c 19N6 during its
c!gh[h year of opera, io. (it had a des,gn.brc
or 1 year) Tht c.rhcst appr...d mission for
an WC,. color ~“mr appc. rs IO hc the
&can &lor ●nd Tcmpcm,urc &anncr
(OCTS), ~hcd.kd for Ik.nch on ,h, Jzpa.
n,= Adt,.c.d ~nh Obxma,,on S,,,11,,,
(ADEOS) in 1~95. Followis,g OCTS, the
hi<dcra,, Ucudu,,o” I Inag,ng Spcct,omc,cr
(h! 01)1 S) ,, pr,,,.,wd ,. fl, on ,1,, LI.S. b.,},
Ob=wi.g S$*t.m P<,k* Plal{orm i. 1997
Tl,c .Sca.V,.. ,,}K w;,!. F,cl<l+f., ,CW k,, w,
(*.. W,FSI propo~d by NASA ●nd koS4T
for k.n.h . . b.d~,.6 ,. IWl ,p~ar, no
Io”ge, \,ahl. although .1,., ”,,,.., .,. &,.g
d,-u,,cd
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Ftil,I~ Rcq.ircm.nu

B.wx -. The progmm that prav,dm the =arch. di,play and ord.r
ro.tt”es for the CZG dam xt. Can tR .4 in
cnnju.ct ion with the .,dra diw to pmv,cw the imagn.
.r .,,I,,,.,,, ,r ,Ic,, tcd

Panamnk ~ V,dco DIM
Plavcr !,icdcl TQ?024 (pi, y.r, c,, TQ2023 (phyerl~ordcr) or

\lodel TQ?O?7 (pl.:cr) c,, TQ?LI?G (player/rmodc,).

C4110rMonitor .An+ mon,cor mpablc or accepcing vidm input will work.
Vdco Gbk L’xd 10 c<>nnm ,hc i,dc” ‘>u,pul on #hc PI.”., ,<>the

.,d<.,, ;,,,,., on ,1,. m(,”,!,,r

Cump.t.r VAX or hf(<ro. >.

IBM or Compa[bbk K
Appk h<a<in!<nb.
s“” !%orksu, m”.

PC ,vs,cm, .4., 1..,1 10 mb hard d,sk.
N& x,,,) pm ,0 COnnm ,0 Panaw”,c play.,
Sl,u,,ld h.~c abilit> t<, x,>d El~r<,nu III.,! t<>NASA.
. V,,,,.., of ,1,. B,,,wx pr~r,m r., ,1,, SU.W .,,d
!.lacint~h should bc a.ailable b, summer 1989.

RS?3? Gbk UA rOT.omp. I.r mJ.Ir(d “r IhC ,idm, dj.c player.
%.45A .,11 ,,,,,,,<1< ,,,. ,,,,, ,!, 1,(, X(,, A!,<,,,,I,,, ,1,,.
CAble

V,d~ B,o..K D,K, The cnli.. CZCS ~,da br.wK d.,> K, will rcs,dc . .
(hr., ~ v,dco d,xs
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Meeting
Announcements

Ocean Remote Sensing of
the Caribbean Basin

.fil,., r.t,. .!. ‘1,,. l,, .Jid) 1[1, Iqs,l [.!,,,.
,r,b,t, d .ln,r. c,s ,I,ould r>.! rxccrd 3011
word, a“d should bc K.,, ,Iong .,, h (.11
n>”,., 0[ ●.thu,s. ac. dem,, 0, pr.[.sst...l
afidi., tio.s .nd co., pk!r addrc,, .f .r,c ,,f
,1,. .t,thors .,. clccIr,,,,,c or ,cE.l. r m.,; !.
1,.,1,1!!(:1., !,.,,, <.(.,1!,,,

c.mp,”wm O( ,1>. ,,”{.,s,.,,> ,“cl”dr ,!>.
l. I.rc,cncta A%-,axic,n, ,h. A.4.4S \%’cstcrn
Hrm,sphcrc cou~r.t)<,” Progr.m, tl>c Ir>!cr
“.,,””,1 Lkr. n”gr.phlc c“m”>85$b<)rtLrlbbc.

a. Prvgram [IOC.4R1 BE). a“d vtb. r rcg, onal
~“d ,“ncrnat ional groups,

Tbr 1,.<, K..,,, ,,1 tbo. ,,ttcrn. t,,,r,.l ,\rr, ~x,-
s,,,,,, ill .<,>,, pr...,, t .,ld l.!,, rc .t,l, Z.llr,l,
of r..,.,. SIIs, ngt~hn,,lo~ f{, r w.. n a,, d
,nar, nc. rcl., d r.=. rch a,,d .Pphcat,,, r,, ,1,
,1,. f.#!t16 .,’,, ,v~,!,,, 11,. .\811,.,3, (,t>>.,1! 1.
d,,,(l<.d ,,,, !1 1,,(,, r!l,l!, i!,,, .r,. !)! ..,,1,) !!> d..
xr,lwd k],,.

~CWS (<on! fr.m P 6>6)

AIP Science Report
Mom than S00 radm s[atinn, arc a,r,ng

twwminutt radm ,FOU from the Ia!mt ,AL.. r,.
m“ Instit.t. of Ph. sti Scicnct Rcpn =r,.s.
AIP rckd Ih. 24th cdt!ion of !!$ ~pular
CK”c. brcadcasu in Ma?. The :. cnt$ . . .

prognmi, de..h@ by, Al P. incl”d. x$..
abw[ gcoph,=. hgh!n,ng, ,... g!,,,.,, gcm
thermal cner~, avalanches. lhc ma~..!. n,c.
tcr, hurnon-. a.d “onhcrn bgh!,. Each
(cal.rc include m.nd cfT.-ct$ ,nd “arra!,on

~ tinusu. mernrolo~,sr Jo 4.., SImpW,.
urks about hutin-. for cx.mpk AGL t%
one of A!F, tmmndrrWK>CIDCS

Los Alamos
Offers Fellow’ships

N’SF Deadlines
n< xa,,on,l SC,<”., B~rd wdl hold ,m

Aug.,{ mee!ing . . the 18th in the Bo=rd
Rwm of NSF Pam ofthc m.cting -,11 k
,>pcn ,<, ,hc pubh,. (i,,macI (h. OflIcr <d 16.

s.(,,,,,,) %,,.<. B“ard, 3S7.9582.
D.adh.. for rflc,pt of “omi”ati.n$ r<,r {h.

Ala” T !Valcrm.” Award i, Dcccmbcr 31,
1989 The award ,, prm,n,cd an”uall) ,. a.
outstand,n~ young ~,.”ttsl. mathcma[,c,an or
c.g,nccr and will & prc-.!d ,. Ma) IW.
hn,aa Ln,* H*nuI,. Natin.al .Scic.cc
U,urd. :s37.7511.

1“ add,,;... ,t,c Sa,,onal SC,.”., Found..

Program Dc.d[i”es

T.rgct Dates

A“pti ), I*89
s,,,{ 1,,. ,,, .%ic,,tc, TwI,,, {A,,K, .,,, d sx,.,,

E,h- and V.I.<, S,ud,c, ti,,,a.t k..!,,!!.
Holla”dcr, D,, ision “r f“str.m..c. t,.. a“d
Rc,oum.s, 357.9894.

H,,!.,) ,“d Ph,l.wphy of =,”.. a“d
T.chnoloR, G.,.., Ronald 0$ trma.n, D,.
V,SW. .( I“str. m.”ta, io” and R.m.m=,
357-9894
A.Kw, 1~, 1989

[hi<, <,,, K,.k, .,,<! M;,,tz~~v,,,.,,1 %s.,,(.
1{..., <1K.nr.u,l, <r. 357.7569, <,, Rob,n

Geophysicists

.1 .\!,.r;;,
Edw.rd Sudich, .f ,1,. Ln, \t, s,, t ,,1 \\ . .
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